We have developed and constructed the field cage of a prototype Time Projection Chamber for research and development studies for a detector at the International Linear Collider. This prototype has an inner diameter of 72 cm and a length of 61 cm. The design of the field cage wall was optimized for a low material budget of 1.21% of a radiation length and a drift field homogeneity of ∆E/E 10 −4 . Since November 2008 the prototype has been part of a comprehensive test beam setup at DESY and used as a test chamber for the development of Micro Pattern Gas Detector based readout devices.
Introduction
A Time Projection Chamber (TPC) is planned as the main tracking detector for the International Large Detector, ILD, a proposed detector for the International Linear Collider, ILC [1] . This TPC will be confronted with multi-jet events with high track multiplicities. It has to provide a very high tracking efficiency and precision while maintaining robustness towards machine backgrounds. The detailed performance requirements for the ILD TPC are summarized in the ILD Letter of Intent [2] and shown in Table 1 .
The momentum resolution goal is δ(1/p ⊥ ) ≈ 9 × 10 −5 GeV −1 for the TPC alone and derived from requirements on the physics performance of the ILD detector. This is directly linked with the point resolution of the TPC which should be better than 100 µm in the rϕ plane, perpendicular to the beam pipe. Of particular importance for the operation of the TPC will be the minimization of the material budget of the field cage structure. A low material budget is essential to suppress conversion and multiple scattering processes before particles reach the calorimeter.
Size inner field cage ∅: 0.65 m outer field cage ∅: 3.6 m total length: 4.3 m point resolution in rϕ σ ⊥ < 100 µm modulo ϕ point resolution in z σ z < 0.5 mm modulo θ 2-hit resolution in rϕ ∼ 2 mm (modulo track angles) 2-hit resolution in z ∼ 6 mm (modulo track angles) momentum res.
δ(1/p ⊥ ) ≈ 9 · 10 −5 GeV −1 dE/dx resolution ∼ 5 % TPC material budget 0.01 X 0 of the inner barrel 0.04 X 0 to the outer barrel 0.15 X 0 to the end caps efficiency (TPC alone) > 97 % (for p ⊥ > 1 GeV/c) Table 1 : Design goals for the ILD TPC [2] .
The performance goals significantly exceed the corresponding numbers reached by prior TPCs in collider experiments (e.g. [3, 4, 5] ).
During the last few years, Micro Pattern Gas Detector (MPGD) amplification systems were under study within the LCTPC collaboration [6] for the readout of the ILD TPC. The investigated MPGDs are Gas Electron Multiplier (GEM) [7] and Micromegas [8] in combination with a pad or pixel readout system. Both, GEMs or Micromegas devices can be mounted on a lightweight support and allow for the construction of a TPC end plate with a low material budget. In addition, they provide a flat and homogeneous surface without large E × B effects in the vicinity of the readout plane.
First feasibility studies for a GEM or Micromegas based TPC readout were carried out by several research groups. The studied readout structures had sizes of typically 10 cm × 10 cm (e.g. [2] and references therein).
The next step is to demonstrate a TPC with several prototype readout modules in a strong magnetic field. A test beam infrastructure for the studies planned was realized at DESY in the framework of the EUDET project [9] . The setup provides a superconducting solenoid magnet with a bore diameter of 85 cm, a usable length of about 1 m and a magnetic field strength of up to 1.25 T. The TPC Prototype has an outer diameter of 77 cm and a length of 61 cm ( Fig. 1 and Fig. 2 ) and is dimensioned to be operated inside the magnet.
The diameter of this Large TPC Prototype (LP) is similar to the inner field cage of the ILD TPC. Moreover, the ratio L/B of the TPC drift distance L to the magnetic field strength B is the same for the LP (B = 1 T, L = 60 cm) and the ILD TPC (B = 3.5 T, L = 215 cm). If this ratio remains constant, the magnitude of acceptable electric field inhomogeneities inside the TPC drift volume will also remain the same. Therefore, the relative 000000000 000000000 000000000 000000000 000000000 000000000 000000000 000000000 000000000 000000000 000000000 000000000 000000000 111111111  111111111 111111111  111111111 111111111  111111111  111111111 111111111  111111111 111111111  111111111  111111111 111111111   0000000000  0000000000 0000000000  0000000000 0000000000  0000000000  0000000000 0000000000  0000000000 0000000000  0000000000  0000000000   1111111111  1111111111 1111111111  1111111111 1111111111  1111111111  1111111111 1111111111  1111111111 1111111111  1111111111 mechanical accuracy specifications are similar for the LP and the ILD TPC. In the following, optimization studies for the LP field cage and its construction are discussed. Based on the experience gained with the LP a preliminary design for the ILD TPC field cage wall is proposed.
Requirements for the Field Cage
The design of the Large TPC Prototype was optimized towards a low material budget of the walls, a high homogeneity of the electric drift field and an adequate maximum operational voltage.
The material budget per wall of the barrel was required to be close to the design goal of 1% X 0 for the ILD TPC.
Radial components ∆E r of the electric drift field inside the LP volume should not exceed ∆E r /E 10 −4 . This limits systematic effects on the resolution due to field inhomogeneities to less than 30 µm. Controlling the field distortions on a level of 10 −4 requires a mechanical accuracy of the field cage in the 100-µm regime.
The LP has to allow for operations with various gases with an overpressure of up to 10 mbar. Deformations of the structure due to the overpressure should stay below 100 µm. The anticipated maximum drift fields are in the range of 350 V/cm, which require long term operations without voltage breakdowns with 20 kV permanently applied to the cathode of the LP.
Design of the Wall Structure
The field cage barrel of the LP was built as a lightweight sandwich structure. The wall consists of a 23.5-mm thick over-expanded aramid honeycomb material ( Fig. 3(a) ) which is embedded between two layers of glass-fiber reinforced plastic (GRP) and a polyimide layer for electrical insulation.
A low material budget of the wall was achieved by minimizing the thickness of the GRP layers. The wall was tested for mechanical robustness and high voltage stability.
Mechanical Robustness
To test the mechanical properties of the field cage wall, several sample pieces were produced (Fig. 3) . Two sample pieces were subjected to a four point bending test (Fig. 4) 1 . For small forces F , the observed bending s rises linear with the applied force F according to ds dF = 11.1 ± 0.1 µm N (F < 100 N).
To limit the deflection s to below 100 µm, the force F on the structure must not exceed 10 N. This corresponds to a maximum pressure of 5 mbar on the sample. At larger forces the samples suffer from partial delamination and are irreversibly damaged. Translated from the flat geometry of the test setup to the cylindrical structure of the LP, the bending of the barrel is reduced by a factor of approximately 80. The factor was determined in FEM calculations. To keep the wall deflection below 100 µm, the overpressure inside the LP should not exceed 400 mbar. Thus, the field cage barrel is mechanically robust for operations at the envisaged overpressure of 10 mbar.
High Voltage Stability
To guarantee the operational safety, high-voltage breakdown tests were performed. For this purpose, the wall samples were installed in air between a parallel plate capacitor and 30 kV applied for 24 h.
The samples evaluated contained polyimide insulation layers with thicknesses between 50 µm and 150 µm. No breakdowns were observed.
The final design of the LP wall contains a polyimide insulation layer of 125 µm thickness and the LP is expected to be high-voltage stable for long term operations with voltages of 20 kV. 
Design of the Field Forming Elements
The inside of the LP barrel is covered with conductive copper rings (see Fig. 1 and Fig. 2 ). These field shaping strips lie on stepwise decreasing potentials from the anode to the cathode and define the boundary condition for the electric field along the inside of the TPC barrel. A second layer, the mirror strips, is installed directly under the field strips. Each mirror strip covers the gap between two field strips in front. Together, the two layers provide a shielding against external electrical influences on the internal field.
With the help of finite-element field calculations several strip arrangements were investigated. The layout chosen for the LP (Fig. 5(a) ) is a typical arrangement used in TPCs (e.g. [10] ). The field shaping strips have a pitch of 2.8 mm and are intersected by 0.5 mm gaps, while the mirror strips are a copy of the field strips but displaced by half the pitch. Each mirror strip lies on the intermediate potential of the two adjacent field strips. These potentials are applied by a resistor chain. If the insulation layer between the field strips and the mirror strips is kept thin compared to the strip's width, field distortions occur only in a narrow band with a thickness of two times the pitch along the inner field cage wall.
A second design was evaluated as an alternative (Fig. 5(b) ). Here, only every second field strip is connected to a mirror strip while each mirror strip covers two gaps. As a result, the drift field becomes homogeneous at a distance of three times the pitch from the wall. This arrangement would allow for a simpler design of the resistor chain.
In the LP, the strip design is realized on a 61 cm × 226 cm large flexible printed circuit board -the width and length of the board correspond to the length and inner circumference of the field cage, respectively. The board consists of a 75-µm thick polyimide carrier foil with 35-µm thick copper field and mirror strips on either side, respectively. The side with the field strips accommodates places to solder surface-mount resistors (Fig. 6) . Two of these resistor chains are installed on the inside wall of the field cage, in diametrical opposite positions (see Fig. 2 ). For technical reasons, the final 61-cm wide board was split up into two pieces. These two half-boards were produced by industry 2 and afterwards combined into one piece.
The field strip board was assembled with resistors and electrically tested prior to the construction of the field cage. It is equipped with 1 MΩ resistors with a measured spread of ∆R 100 Ω, or ∆R/R 10 −4 . The installation of the field strip board into the field cage is described in Section 7.
Cross Section of the Field Cage Wall
The wall of the field cage consists of four main components. Figure 7 displays the cross section in detail and Table 2 summarizes the materials used in the wall laminate.
An electrical shielding layer on the outside of the barrel is realized by a layer of 10 µm thick copper on a polyimide carrier of 50 µm thickness. The copper layer is electrically grounded and confines the electric field of the TPC to the inside of the field cage.
The bulk of the wall consists of the honeycomb spacer material sandwiched between two GRP layers. The honeycomb is 23.5 mm thick and layer of the wall Table 3 : Composition and radiation lengths of the materials in the field cage wall: the thickness of the different layers were derived from the specifications of the used materials. Material densities and radiation lengths were taken from [11] . The thickness of the copper layers are reduced by factors of 0.8 because the field strips cover only 80% of the inner field cage barrel.
has a density of 29 kg/m 3 . A layer of aramid paper was introduced on the outside of the honeycomb for constructional reasons (see Sec. 7). A 125-µm thick polyimide layer ensures the high-voltage stability of the wall. This polyimide layer alone has a breakdown voltage of about 20 kV. The honeycomb sandwich is non conductive and contributes further to the high voltage stability of the wall laminate.
The field and mirror strips, on the inside of the barrel (see Fig. 5(a) ) suppress the influence of the ground potential of the outer shielding on the drift field and guarantee an electric field homogeneity of ∆E/E 10 −4 .
The field cage wall is terminated on the anode and cathode side by end flanges made of hard foam (see Tab. 2). These flanges have a height of 23.5 mm, which matches the height of the honeycomb material, and are populated with threaded stainless steel inserts for the attachment of the anode and cathode end plates.
The radiation length of the wall is X wall = 1.21 ± 0.10 %X 0 .
In the calculation of X wall (Tab. 3), GRP was assumed to consist of 2/3 glass fiber and 1/3 epoxy glue. In addition, the thickness of the epoxy layers used to glue together the different layers of the wall was estimated to be 70 ± 30 µm thick each. The end flanges were required to be parallel with deviations less than 150 µm. The nominal axis of the field cage is defined as perpendicular to the anode end face in the center of the field cage. The measured axis of the field cage is specified to be within a tube with a diameter of 100 µm with respect to the reference axis over the whole length of the field cage. The distance of the first field strip to the anode end face was specified to be 10.05 ± 0.10 mm.
Specification of Mechanical Accuracy
Detailed tolerance specifications for the field cage (Fig. 8) were derived from a study of field quality degradation due to an imperfect chamber geometry and the impact on the achievable point resolution [12] . Most critical is the correct alignment of the field cage axis relative to the anode end flanges. A misalignment of the axis produces a sheared field cage. This causes radial components of the electric field which deteriorate the point resolution in the rϕ plane. Therefore the tolerance on the alignment of the axis relative to the normal of the anode end face is defined most stringently to be within 100 µm.
Less critical is the parallel alignment of the anode relative to the cathode. A misalignment produces mainly field deviations along the z-axis and to a lesser degree in the radial direction. Hence the parallel alignment of the cathode relative to the anode was defined less stringently and required to be precise within 150 µm.
The length of the field cage is not a critical parameter because it can be adjusted by positioning the cathode inside the field cage. Therefore the specification has a comparably large tolerance of 1 mm. Similarly, the field cage diameter has a larger tolerance and is dimensioned to be 720.0±0.3 mm. 
Production of the Field Cage Barrel
The field cage was manufactured 3 over a forming tool which served as a mold. This was a 75-cm long mandrel with a diameter of 72 cm -according to the field cage's inner diameter. The mandrel could be reduced in diameter by a few millimeter via an expansion slot.
In the first step of the production, the field strip board was positioned on the mandrel (Fig. 9(a) ). Two 1-mm deep slots had been machined into the mandrel surface to accommodate the resistors on the field strip board. Then, the different layers of the field cage wall were laminated onto the foil. For the production of the GRP, first a glass-fiber canvas was put onto the mandrel (Fig. 9(b) ) and moisturized with epoxy glue. Afterwards, air inclusions were removed from the layer with an underpressure treatment and the epoxy cured at 60 • C. The curing temperature was kept as low as possible to reduce thermal stresses on the field cage.
In the following steps of the production, the pre-produced end flanges and the honeycomb were laminated onto the inner GRP layer. On top, a layer of aramid paper sealed the cells of the honeycomb (see Fig. 7) . A direct lamination of the outer GRP layer onto the open honeycomb could have filled the cells with epoxy and caused a higher and inhomogeneous material buildup of the wall. The shielding layer of copper loaded polyimide completed the field cage.
With the lamination finished, the surfaces of the end flanges were machined for flatness and parallelism. Finally the mandrel was reduced in diameter and removed from the field cage. Figure 10 : Determination of the field cage axis: The axis of the chamber is tilted and reaches an offset of 500 µm at the cathode. The coordinates z, r and ϕ define a cylindrical coordinate system for the field cage, with z pointing in the direction of the nominal chamber axis, normal to the plane defined by the anode end face. d is the distance of the first field strip to the anode end face (Fig. 8 ).
Production Quality Assurance
The important accuracy parameters for the field cage were surveyed in the commissioning phase of the LP at DESY. For this, about 100 measurement points were taken over the barrel with a spatial accuracy of 25 µm.
The end flanges of the field cage were found to be parallel with deviations below 40 µm, while the length of the field cage was measured to be 610.4 ± 0.1 mm. The diameter of the chamber was determined to 720.20 ± 0.07 mm over the whole length of the barrel. These numbers are in agreement with the specifications.
To determine the axis of the field cage, measurement points were taken on the barrel inside at six fixed distances relative to the anode reference plane. Each set of points defines a circle on the inside of the barrel and the center points of the six circles define the field cage axis. A tilt of the axis was found, which results in a maximum offset of 500 µm relative to the nominal position at the cathode ( Fig. 10(a) ). The angle between the measured axis and the nominal one was determined to be ρ = 0.87 ± 0.07 mrad.
A second measurement of the axis was performed to confirm this result. For this, the distance d of the first field strip to the anode end face was determined at several places around the circumference. The field strips on the inside define parallel planes perpendicular to the field cage axis. Hence, d has a fixed value if the axis is aligned correctly.
However, the measured distance d varies sinus-like around the circumference (Fig. 10(b) ). The amplitude of the sinus is 0.3 mm and equal to ρ·r i . Here, r i = 360 mm is the inner radius of the LP and ρ the angle between the measured and the nominal field cage axis determined with the initial method ( Fig. 10(a) ). Thus the amplitude has the expected magnitude, so that both methods agree on the misalignment of the axis. Figure 11 illustrates the measured shape of the field cage. Due to the shear of the barrel, the electric drift field inside the chamber is not homogeneous to the required level (Fig. 12) . The field inhomogeneities have a magnitude of 10 −4 ≤ ∆E/E 10 −3 .
Extrapolation to the ILD TPC
For the ILD, a TPC is planned with a diameter of the inner field cage of 65 cm, of the outer field cage of 360 cm and a drift distance of 215 cm. This is about 3.5 times longer than the LP. At the same time, the magnetic field of ILD is 3.5 T compared to 1 T for the LP. As mentioned in section 1, the ratio L/B of the magnetic field to the drift distance L is the same for both TPCs and so are the required relative mechanical accuracy specifications.
Scaling the mechanical tolerances of the LP by a factor of three yields a tolerance for the alignment of the field cage axis in the range of 300 µm and a required parallel alignment of anode and cathode of 450 µm for the ILD TPC.
The main challenge for the design of the ILD TPC will be the reduction of the material budget of the wall to 1% X 0 while increasing the high voltage stability to O(100 kV).
Starting from the current LP wall cross section (see Fig. 7 ), a reduction of the material budget is possible by thinning down the field strips to 20 µm and Figure 12 : Calculated field quality: Due to the shear of the field cage (see Fig. 11 ), the calculated electric field inside the LP is homogeneous only to a level of ∆E/E ≈ 10 −3 .
by replacing copper by aluminum. In addition, with further optimization studies of the chamber statics and mechanical tests, the thickness of the GRP could be diminished. This would reduce the contribution of epoxy and glass-fiber to the material budget. Assuming a moderate optimization, GRP layers of 200 µm could be sufficiently stable to construct a self supporting tube of 4.3 m length for the inner field cage.
The LP wall samples were tested to be high voltage stable up to at least 30 kV. In the wall sample tested, a single polyimide layer of 50 µm was introduced which can withstand 10 kV alone. The insulating honeycomb-GRP structure increased the high voltage stability to above 30 kV.
Extrapolating to the ILD TPC, the wall of the inner field cage could have a cross section as shown in Figure 13 . Here, an insulation which is equivalent to a single 300 µm thick polyimide layer together with the honeycomb sandwich provide a high voltage stability in the range of 70 kV. This wall has a material budget of 1% X 0 , which is the design value. However, the detailed fabrication of the thicker polyimide layer still has to be evaluated and tested.
The outer field cage of the ILD TPC will be a single barrel structure serving as gas vessel and high voltage insulation. Its material budget goal is planned to be 2% X 0 at most. At the same time the wall must be thicker than the one for the inner field cage to gain sufficient mechanical robustness. A wall thickness of 60 mm, which could provide a sufficient stability, can be realized by scaling up the thickness of the honeycomb material and doubling the thickness of the GRP layers. In this case, the material budget would reach the design value of 2% X 0 .
It must be stated, that the mechanical and the high voltage stability, both for the proposed inner and outer field cage wall, need to be quantified by dedicated calculations and sample piece tests. Also the precise mechanical accuracy specifications have to be revisited on the basis of further studies, also taking into account the final detector gas.
Summary
The LP is the first TPC prototype with a size relevant for a TPC of a future ILC detector. The length of the LP is 61 cm and the inner diameter of the field cage barrel of 72 cm is similar to the inner field cage for the ILD TPC.
The design of the chamber was optimized for a high electric field homogeneity of ∆E/E 10 −4 and a low material budget of the walls of 1.21% X 0 . This is close to the final design value of 1% X 0 . Further optimizations of the wall structure are under study and the final design goal of 1% X 0 per wall seems to be in reach.
The LP is part of a test beam infrastructure which is installed at the 6-GeV DESY electron test beam. This infrastructure was realized in the framework of the EUDET project [9] and became available in November 2008. Since then it is in use by different research groups doing R&D work for a TPC of detector at a future linear collider [6] .
